Summary. Female golden hamsters were mated at various times before or after ovulation, and the time of sperm penetration into the ova was examined. When the females were mated several hours prior to ovulation, penetration of spermatozoa into the ova started about 3 hr after the commencement of ovulation or about 1\m=.\5hr after the first ovum passed into the Fallopian tube; virtually all the ova were penetrated in the next 4 hr. In the females mated during or several hours after ovulation, sperm penetration occurred between 3 and 6 hr after coitus. The experiments in which spermatozoa were deposited artificially in the uteri of females shortly after ovulation, demonstrated that the spermatozoa recovered from the uterus of other females penetrated ova significantly faster than epididymal spermatozoa. The uterine spermatozoa deposited about the ova in vitro were also able to penetrate the ova more quickly than epididymal spermatozoa. The whole process of sperm penetration through the zona pellucida was observed on one occasion. This particular observation showed that: (1) the acrosome (at least, the outer acrosome membrane) of the fertilizing spermatozoon was absent before the spermatozoon started to penetrate the zona pellucida; (2) the direction of the passage of the spermatozoon was not vertical, but at an angle to the surface of the zona pellucida; (3) the time required for the sperm head to traverse the zona pellucida and the perivitelline space was 3 to 4 min and 1 to 2 sec, respectively; and (4) the head of the spermatozoon lay flat on the vitelline surface and sank into the vitellus without lively movements of the sperm flagellum.
INTRODUCTION
The time relationship between mating and penetration of spermatozoa into the ova has been studied in several species of laboratory animals. Austin & Braden (1954) reported that when rats were mated before ovulation, penetra¬ tion of spermatozoa into the ova did not start immediately after ovulation, but 2 to 4 hr later. A similar delay was observed in the mouse and in the golden hamster (Austin, 1956; Strauss, 1956) , where it was 3 to 5 hr and 2 hr respectively. Such an interval between ovulation and the commencement of sperm penetration was interpreted as suggesting the 359 360 R. Yanagimachi necessity for physiological maturation of the ova (Austin, 1956; Strauss, 1956) or of the cumulus oophorus surrounding the ova (Braden, 1962) . When females are mated before or shortly after ovulation, follicular cells surrounding the ova disperse after the ova have been penetrated by spermatozoa. This is particu¬ larly true of the mouse (Lewis & Wright, 1935) , rat (Austin, 1948; Odor & Blandau, 1951) and rabbit (Moricard & Bossu, 1949) , although the ability of spermatozoa to penetrate the naked ova is well established (Austin, 1951;  Chang & Bedford, 1962) .
Evidence has also been presented to show that there is a delay between mating and sperm penetration of the ova, even when the animals are mated several hours after ovulation. This is about 2 hr in the rat and about 4 hr in the hamster (Strauss, 1956) . Since the first spermatozoon may reach the site of fertilization (ampullary portion of the Fallopian tube) within 1 hr of coitus (Blandau & Money, 1944; Austin, 1952; Yanagimachi & Chang, 1963) , the interval between mating and the commencement of sperm penetration may be ascribed to the necessity for the spermatozoa to undergo physiological maturation or 'capacitation' in the female genital tract (Austin, 1952) . In the mouse, the capacitation of spermatozoa seems to occur very rapidly, since sperm penetration starts as early as about 1 hr after coitus when the females are mated after ovulation . On the other hand, there is evidence that rabbit spermatozoa need 5 to 8 hr for full capacita¬ tion (Austin, 1951; Chang, 1951 Chang, , 1959 Noyes, Walton & Adams, 1958 Thus, Austin (1951) , Austin & Braden (1956) and Blandau & Odor (1952) were able to observe various stages of sperm penetration into the living ova of the rat, mouse and hamster with the phase-contrast microscope. These workers, however, could not observe the actual process of sperm penetration through the zona pellucida. So far, only Pincus (1930) and Shettles (1953) (Harvey, Yanagimachi & Chang, 1961 (Yanagimachi & Chang, 1964 (Yanagimachi & Chang, 1964) , the density of spermatozoa in the suspension was misprinted; 4000 to 8000 cells/mm3 is correct, not 4000 to 8000 cells/ml. (Yanagimachi, 1964) . Both uterine and epididymal spermatozoa effected fertilization of 50 to 70% of ova (Yanagimachi & Chang, 1964 (Text-fig. 4d ). Immediately, the head became free in the perivitelline space and the spermatozoon dashed forward to reach the vitelline surface in 1 to 2 sec (Text-fig. 4e ). On contact with the vitelline sur¬ face, the sperm head ceased its vigorous motion abruptly and lay flat on the vitelline surface. The undulating motion of the flagellum was markedly re¬ duced. The posterior part of the flagellum was still outside the zona pellucida at this time (Text-fig. 4f) fig. 4g ). The sperm head and the proximal portion of the flagellum (middle piece) was within the vitellus when examined at 11.00 hours (Text- fig. 4h ). Next, the sperm head showed an early phase in its trans¬ formation into a male pronucleus, losing its sharp contour (Text- fig. 4i ). No further change was noticed until 11.30 hours, when observation was dis¬ continued because of deterioration (wrinkling) of the vitelline surface. This was probably caused by shortage of oxygen in the surrounding medium or accumu¬ lation of metabolic wastes diffused from the ovum and the follicular cells.
DISCUSSION
The data presented in this study have confirmed the report by Strauss (1956) that hamster ova are not penetrated by spermatozoa immediately after passing into the Fallopian tube, but about 2 hr later. Strauss suggested that the ova need further physiological maturation after entering the Fallopian tubes before they are penetrable by spermatozoa, although this may be due to some physical or chemical alteration of the gelatinous matrix of the cumulus oophorus rather than to maturation of the ova themselves, as Braden (1962) has suggested in the mouse.
The existence of a 4-hr interval between delayed mating (mating after ovulation) and the commencement of sperm penetration into hamster ova was also reported by Strauss (1956) , and confirmed in the present study. It seems more reasonable to interpret this time interval as suggesting the necessity of capacitation of spermatozoa (Austin, 1952; Austin & Walton, 1960) rather than sperm transport to the site of fertilization (Strauss, 1956) , since the hamster spermatozoa may arrive at the site of fertilization (ampullary portion of the Fallopian tube) within 1 hr after mating (Yanagimachi & Chang, 1963) .
The capacitation of hamster spermatozoa was ascribed by Austin & Bishop (1958) to changes in the acrosome. They observed that spermatozoa recovered Sperm penetration into hamster ova 367 from the Fallopian tube or from the cumulus oophorus had modified acrosomes, or even lacked this structure, and those found in the zona pellucida or in the perivitelline space of the ovum were invariably devoid of this structure. After observing the same phenomenon in guinea-pig and Libyan jird, Austin & Bishop (1958) Chang, 1959; Bedford, 1964) ; noticeable structural changes in the acrosome occur only after the spermatozoon has started to enter the zona pellucida (Hadek, 1963; Austin, 1963a) . Thus, the structural modifi¬ cation of the acrosome cannot be taken to reflect the entire process of capacita¬ tion. It seems to be more feasible to assume that capacitation occurs in two stages ; in the first there is some kind of physiological change, and this makes possible the second which is represented by the acrosome modification (Austin, 1963b (Austin, , 1964 . The first stage of capacitation appears to occur as the spermatozoa ascend through the uterus and Fallopian tube. In the rabbit, the second stage of capacitation does not start until the sperm head begins to enter the zona pellucida (Hadek, 1963; Austin, 1963a) . On the other hand, in the hamster, and probably in the guinea-pig and Libyan jird, this stage may be initiated while the spermatozoa are traversing the Fallopian tube and is completed before the spermatozoa make contact with the surface of the zona pellucida (Austin & Bishop, 1958) . Thus, the place where the capacitation of spermatozoa is completed seems to differ according to the species. Noyes (1953) , carrying out artificial insemination of rats to compare the fertilizing capacities of uterine (7 hr incubated) and epididymal spermatozoa, demonstrated that the uterine spermatozoa penetrated the ova about 2 hr earlier than epididymal spermatozoa. Although essentially the same result was obtained in the hamster, it is unlikely that uterine spermatozoa have been fully capacitated at the time of recovery. This is because they apparently have an intact acrosome (Yanagimachi & Chang, 1964) Pincus (1930) and Shettles (1953) , have observed the process of sperm penetration through the zona pellucida of the mammalian ovum. According to Pincus (1930) , the rabbit spermatozoon entered the zona pellucida at right angles to the axis of the ovum, proceeded slowly through the zona pellucida towards the ovum proper and finally entered the vitellus, the tail being left in the zona pellucida. Shettles (1953) The fact that few workers have observed spermatozoa penetrating the zona pellucida has led previous workers to suggest that sperm penetration through the zona pellucida must be a very rapid process, probably taking no more than a few minutes (e.g. Austin, 1951) . Although the whole process of sperm pene¬ tration through the zona pellucida was observed on only one occasion in the present study, and both ovum and spermatozoon were under subnormal physiological conditions (i.e. between slide and coverslip and under continuous illumination), the description of the event provides some evidence as to how a spermatozoon passes through the zona pellucida of the mammalian ovum. Particular mention is made of the following points : (1) In the hamster spermatozoon which was about to enter the zona pellu¬ cida, the acrosome (at least, the outer acrosome membrane and overlying plasma membrane) was absent. This implies that the contents of the acrosome, most probably hyaluronidase, have been released and that the inner acrosome membrane and underlying perforatorium are exposed. Piko (1964) suggests that the tip of the acrosome of the rat spermatozoon opens up on contact of the spermatozoon with the cumulus oophorus. In the rabbit, according to Hadek (1963) , the acrosome membrane does not start to modify or disintegrate until the sperm head passes into the zona pellucida. Despite difference in the place of commencement of acrosome modification, it is common to all these species that the inner acrosome membrane makes a direct contact with the material of the zona pellucida when the spermatozoon traverses the zona pellucida (Austin, 1963a; Hadek, 1963; Piko & Tyler, 1964) .
(2) The hamster spermatozoon passed through the zona pellucida in 3 to 4 min. Under natural circumstances the spermatozoon must traverse the zona pellucida even faster. It is obvious that the hamster spermatozoon traverses the zona pellucida much faster than does the human spermatozoon (4 versus 18 min).
(3) The direction of passage of the spermatozoon was not vertical, but at an angle to the surface of the zona pellucida. A slanting and curved slit in the zona pellucida, believed to be left in the pathway of the fertilizing spermato¬ zoon, has been photographed by Austin & Bishop (1958) in the guinea-pig and Libyan jird, by Dickmann (1964) in the rabbit, by Dickmann & Dziuk (1964) in the pig and by Dziuk & Dickmann (1965) in the sheep. The slanting passage of the spermatozoon through the zona pellucida seems to be common to various mammalian species. Dickmann (1964) and Dickmann & Dziuk (1964) photographed a filament¬ like structure extending from the apex of supplementary spermatozoa which were embedded in the zona pellucida of rabbit and pig ova. These workers have conjectured that such a filament is ejected from the fertilizing spermato¬ zoon upon contact with the zona pellucida, and that this filament guides the spermatozoon through the zona pellucida. In the fertilizing spermatozoon of the hamster which was in the act of penetrating the zona pellucida, the cor¬ responding filament-like structure was not observed. On the other hand, a somewhat similar filament-like structure or image was seen, on a few occasions,
